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Five marine teleost fishes inhabiting different marine depths namely Hippocampus hippo-
campus (Linnaeus, 1758), Sardina pilchardus (Walbaum, 1792), Gobius niger (Linnaeus, 1758),
Mullus barbatus barbatus (Linnaeus, 1758) and Solea solea (Linnaeus, 1758) were used in the
present study. Their retinae and lenses were subjected for histological, scanning electron
microscopy, SDS-PAGE and isoenzyme electrophoresis of alkaline phosphatase, malate
and glucose-6-phosphate dehydrogenase. The present findings showed variant histological
structures with characteristic photoreceptors mainly of either rods for H. hippocampus, M.
barbatus and S. solea or cones in S. pilchardus. Mixed photoreceptors are identified in G. niger.
The fishes exhibited diversity in protein band expression coincides with change of pattern
orientation in lens fibers arrangement and histological structures of retina. Isoenzyme
electrophoresis of estimated isoenzyme showed differences between lens and retina of
fishes especially H. hippocampus.
It can be concluded that the retina and lens of the studied teleost fishes showed
apparent varying structure reflecting the isoenzyme characteristic for preserving func-
tional characteristic of vision according to the marine habitat depths.
Copyright 2015, Mansoura University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).78; fax: þ20 050 2246254.
.I.H. El-Sayyad).
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Vision is an important sense organ. Similar to other land
vertebrates, fishes have oval lens and retina with charac-
teristics rod and/or cone photoreceptors (ectopic or photopic
vision) [1e3]. Fish vision is markedly adapted to their aquatic
environment especially at deep sea where eyes suited to its
dark level [4]. Aquatic marine environment absorb light
which is gradually decrease with increasing depth become
blue at 50 m [5]. Marine teleost fishes inhabiting different
depths of marine environment displayed varying optometric
[6] and retinal structures [7,8].
In poor light at deep surfaces, teleost fishes usedmonofocal
lens beside monochromatic retina such as the South American
cichlid fish Aequidens pulcher (blue acara) which showed adap-
tive changes of lens during day andnight [9] aswell as exhibited
retinomotor movements [10,11]. Multifocal lenses were
observed in diurnal and nocturnal coral reef fishes. The prop-
erties of the lens seemed to be specifically adapted to the visual
needs of each species [12]. Also, the retina of deep sea living
fishes showed adapted retina with more than visual pigments
such as stomiid dragonfishes, which uniquely produce far red
bioluminescence from suborbital photophores [13].
The distribution of lens protein and the refractive indices
of fishes attracted the attention of many authors. Pierscionek
and Augusteyn [14] mentioned that a high content of gamma-
crystallins is found in lenses which have refractive index
gradients. SDS-PAGE profiles of soluble lens nuclear proteins
of Clarias batrachus (Linn.) revealed the presence of eight
distinct polymorphs along the western region of Uttar Pra-
desh, India. b- and g-crystallins were identified according to
their molecular weights and isoelectric points [15].
The present study aimed to evaluate the diversity of retinal
and lenticular structure and function in five marine teleost
fishes inhabiting different marine depths.2. Materials & methods
Selected teleost fishes were collected fromMediterranean sea
regions around Port Said in the Northeast of Egypt. The
captured fishes collected were of almost relatively similar
sizes. The investigated fishes are:
1. Hippocampus hippocampus (Linnaeus, 1758), Order Syn-
gnathiformes, Family Syngnathidae. It lives at depth range
of 14e40 m [16].
2. Sardina pilchardus (Walbaum, 1792), Order Clupeiformes,
Family: Clupeidae. The fish lives at depth range of 25e55 m
depth [17].
3. Gobius niger (Linnaeus, 1758), Order Perciformes, Family
Gobiidae. It lives at depth range from 1 to 75 m [18],
4. Mullus barbatus barbatus (Linnaeus, 1758), Order: Perci-
formes, Family: Mullidae. It lives at depth up to 100 m [19].
5. Solea solea (Linnaeus, 1758), Order: Pleuronectiformes,
Family: Soleidae. It lives at depth around 0e150 m [20].
The eyes of the selected fishes were dissected and inves-
tigated as follows:2.1. Morphometric assessments
Retinal thickness and their layers were measured in investi-
gated fishes by linear ocular micrometers. The ratio relation-
ship between outer and inner nuclear layer were investigated
according to Wang et al. [21] to determine the nocturnal or
diurnal pattern of the fish. Also, the relationship between
ganglion layer and inner nuclear layer was also investigated
according to Gu et al. [22] to illustrate the visual acuity.
2.1.1. Histological investigations
The retinae of the investigated fishes were separated from
their lens and immediately fixed in 10% phosphate buffered
formalin (pH 7.4). They were then dehydrated in ascending
grades of ethyl alcohol, cleared in xylene and mounted in
molten paraplast at 58e62 C. Serial 5 mm sagittal histological
sections were cut, stained with Haematoxylin and eosin and
examined under bright-field light microscopy.2.2. Scanning electron microscopic investigation
Lenses of the examined fishes were separated and immedi-
ately fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at
(pH 7.4) and dehydrated in ascending grades of ethyl alcohol.
The specimens were dried in a carbon dioxide critical point
drying apparatus, mounted in stubs and coated with a thin
layer of gold by low voltage DC sputtering and investigated
under scanning electron microscope JOEL5300 JSM (musa-
shino 3-chome akishima Tokyo 196-8558, Japan).2.3. Sodium dodecyl sulfate polyacrylamide-gel
electrophoresis (SDS-PAGE) protein analysis of retina and
lens
Lenses and retina of the investigated fishes were separated
and stored frozen at20 C until use. Extraction of proteinwas
carried out and protein content was determined by the
method of Lowry et al. [23] using crystalline bovine serum
albumin as standard. Protein extracts were subjected to so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) according to Laemmli [24]. Electrophoresis was
carried out at a constant 200 V. The separated proteins were
placed on polyacrylamide gels stainedwith Coomassie blue R-
250 (60 mg/l) in an acidic medium for the generation of an
electrostatic attraction between the dye molecules and the
amino groups of proteins [25].2.4. Isoenzyme electrophoresis of acid phosphatase,
malate dehydrogenase and glucose-6-phosphate
dehydrogenase
Lens and retina samples were collected, cleaned and homog-
enized using 0.1 M TriseHCl (pH 7.5) containing 20% sucrose.
Protein content was determined according to Lowry et al. [23]
and electrophoresis by the method of Laemmli [24]. For visu-
alization of the tested enzymes, the tissue samples were
incubated in medium containing the selected substrate of the
tested enzyme and visualized materials as follows:
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using 30 mg naphthol-AS-MX-phosphate as substrate and
50 ml incubation buffer, 0.25 ml 0.1 M MgCl2, 0.25 ml MnCl2
10%, 5 ml NaCl 20%, and 30 mg fast blue [26].
Malic dehydrogenase isoenzymes: Staining solution was
carried out by mixing 50 mN TriseHCl (pH 8.5) 50 ml,
nicotinamide adenine dinucleotide (NAD) 10 mg, maleic
acid 1 ml (after neutralized with NaOH), nitro blue tetra-
zolium chloride (NBT) 10 mg and phenazine methosul-
phate (PMS) 2 mg [27].
Glucose-6-phosphate dehydrogenase: Staining solution
was prepared by mixing 50 ml 0.2 M TriseHCl (pH
8.0),50 ml, 10 mg NADP, 10 mg MTT, nicotinamide adenine
dinucleotide (NAD), 5 mg and phenazine methosulphate
(PMS), 200 mgMgCl2, and 100mg glucose-6-phosphate [28].
Isoenzyme patterns were recorded on the basis of number
and the rate of flow (Rf) values of the isoenzyme bands. The Rf
value is the mobility of each isoenzyme band that traveled
from the origin divided by the distance traveled by the front
tracking dye. The presence or absence of a certain isoenzy-
matic band was considered as a differentiating feature. Zy-
mograms were drawn to scale and relative mobility values
were calculated for each band.
2.5. Statistical analysis
Data are presented as mean ± standard error. The statistical
analysis was performed with multi-variant analysis of vari-
ance (MANOVA) using SPSS (version 13) software package for
Windows of comparing the multivariations between each
investigated fishes in relation with H. hippocampus and
considered statistically significant at P < 0.05.3. Results
3.1. Scanning electron microscopy of lens
The lens of the fishes under consideration exhibited circular
shape except that of H. hippocampus which showed elliptical-
shape. The lens ensheathed by a thin acellular sheet of
collagen fibers. The lens fibers are more organized and
consist of densely packed fibers interconnected by ball and
socket structures on short edges. There is a relative absence of
ball and sockets on their superficial fibers which allowing lens
movement. The lens fibers of the studied teleost fishes varied
from each other and categorized in three forms. The lens fi-
bers of G. niger, M. barbatus and S. solea revealed that the lens
fibers arranged in concentric layers of densely packed lens
fibers representing the superficial and deep cortical fibers. At
the center of the lens, a group of straight fibers were passing
along the antero-posterior axis representing the embryonic
nucleus. Fibers appeared as tightly joined parallel ribbon-like
structures with minimal intercellular spaces in between spe-
cies. Each fiber had the shape of a polygon or hexagon with
two wide parallel sides and four other smaller ones. The G.
niger showed the least organization of the lens fibers
comparing with M. barbatus & S. solea. However, SP revealed
the grouping of fibers forming club-shaped regularly orientedin parallel rows bearing ball adjoining to socket of the another
one. On the other hand H. hippocampus showed irregular
pattern distribution of short and long lens fibers having balls
with alternating socket of the another ones. In all the speci-
mens, the structure of the lens fibers appeared hexagonalwith
two wide parallel sides and four other smaller ones. The lens
fibers interconnect into planar sheets with interconnecting
ball and socket structures on short edges. Also, there is a
relative absence of ball and sockets on planar side of super-
ficial fibers allowing planar movement (Fig. 1).
3.2. Morphometric observations
The retinae of the selected marine fishes, were composed of
ten layers namely, pigment epithelial layer (PE), photoreceptor
layer (PL), outer limitingmembrane (OLM), outer nuclear layer
(ONL), outer plexiform layer (OPL), inner nuclear layer (INL),
inner plexiform layer (IPL), ganglion cell layer (GCL), nerve
fiber layer (NFL), inner limiting membrane (ILM). There is a
considerable variation between the whole retinal thickness as
well as their retinal layers. Comparing with H. hippocampus, S.
pilchardus showed non-significant increase of whole retinal
thickness and apparent thickened retina in S. solea > G.
niger > M. barbatus. The pigmented epithelium and outer
plexiform layer reached a considerable thickness in S. solea
and being become more reduced in G. niger and M. barbatus.
The photoreceptor layer becomes markedly increased in G.
niger. The outer and inner nuclear layer varied markedly be-
tween species. G. niger showed increased thickness of
ganglionic and inner nuclear layer, meanwhile M. barbatus
possessed increased thickness of outer nuclear layer. The RPE
is narrow composed of a single raw of hexagonal cells,
enclosed with dark-brown melanosomes, being more intense
in S. solea and G. niger comparing with the other examined
fishes. The pigmented epithelium showed characteristic dig-
itiform processes between photoreceptor cells. Following as-
sessments of the ONL/INL ration, S. pilchardus and G. niger
showed the least average ratio manifesting diurnal mean-
while the average increased inH. hippocampus,M. barbatus and
S. solea which is correlated with nocturnal habits. Also, the
average GL/INL was markedly increased in S. pilchardus
reflecting increase visual acuity comparing with the other
studied fishes (Table 1, Fig. 2).
3.3. Histological observations of retina
The cones and rods showed varying degrees of intensities
throughout the photoreceptor layer in contact with the pig-
mented epithelium. In S. pilchardus, the photoreceptors
composed mainly of single and double cones, meanwhile
mixed rods and cones are distinguished in G. niger. On the
other hand, teleost fishes H. hippocampus, M. barbatus and S.
solea showed photoreceptor layer composed mainly of single,
double and triple rods. The outer nuclear layer represents the
nuclei of the photoreceptor cells and appeared more dense in
S. solea and S. pilchardus, less dens inG. niger andM. barbatus as
well as finely distributed in H. hippocampus and most of them
aligned at the peripheral margin of photoreceptors. There is a
marked-related changes in the retinae of the studied teleost
species. The ganglion and nerve fibers showed regular
Fig. 1 e Scanning electron micrographs of lens of marine teleost fishes Hippocampus hippocampus (AeC), Sardina pilchardus
(A1eC1), Gobius niger (A2eC2), Mullus barbatus (A3eB3) and Solea solea (A4eC4).
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species (Fig. 2).
3.4. Retina & lens SDS-SPAGE protein electrophoresis
Examining protein electrophoresis in lens and retina revealed
that the examining fishes exhibited similar band expression at
200, 172 and 116 kD. A striking feature of double band
expression in retina of M. barbatus at equal to 140 kD. At 97.4,
45 and 21 kD, both lens and retina of the studied fishes varied
markedly (Fig. 3).
3.5. Lens and retina isoenzyme electrophoresis
Concerning lens, Acid phosphatase isoenzymes electropho-
resis showed similarities between S. pilchardus andG. niger and
is quite different from the H. hippocampus,M. barbatus barbatus
and S. solea which are quiet similar. Malate dehydrogenase
isoenzymes showed almost similar rate of flow in the teleost
fishes H. hippocampus, S. pilchardus, G. niger and M. barbatus
barbatus, however, S. solea exhibited variant expression of the
isoenzyme fractions. In glucose-6-phosphate dehydrogenase,Table 1 e Retinal thickness of selected marine fishes.
WR PE PL ONL
Hippocampus hippocampus 176.1 ± 12. 2 28.1 ± 0.6 30.4 ± 1.7 41.7 ± 1.7
Sardina pilchardus 181.7 ± 13.9* 45.9 ± 1.5 35.5 ± 3.1 37.6 ± 2.2
Gobius niger 242.8 ± 11.1** 46.4 ± 1.5 55.5 ± 4.1 33 ± 0.8
Mullus barbatus 219.3 ± 6.1** 58.1 ± 1.8 37.1 ± 2.1 42.2 ± 1.3
Solea solea 252.2 ± 13.6** 65.6 ± 3.8 27.2 ± 2.8 66.1 ± 4.8
Data are represented by theMean ± SE (n¼ 5). Comparing withHippocampu
Abbreviations; WR, whole retina; PE, pigmented epithelium; PL, photorec
inner plexiform layer; INL, inner nuclear layer; Gl, ganglion layer; NFL, nfour isoenzymes are expressed in G. niger and M. barbatus
barbatus. Their rate of flow is almost closely similar. However
H. hippocampus and S. pilchardus expressed three isoenzymes.
In the studied fishes, the percentages of band intensities of the
estimated isoenzymes are quite different between each others
(Fig. 4).
In retina, acid phosphatase expressed three isoenzyme
fractions in the investigated fishes. The isoenzymes I and II
are closely similar, however isoenzyme III showed variant
degrees of mobility. Concerning glucose 6-phosphate dehy-
drogenase showed variants expression of the isoenzymes
expression. H. hippocampus, S. pilchardus and S. solea expressed
three isoenzymes with almost similar pattern of the iso-
enzymes 1 & 11. However isoenzyme 111 varying in its degree
of mobility. On the other hand, G. niger and M. barbatus
expressed four isoenzymes which are different of their flow
rate. Malate dehydrogenase expressed four isoenzymes. H.
hippocampus, S. pilchardus and G. niger showed almost similar
isoenzymes expression 1 & 11, meanwhile isoenzyme 111
differed in flow rate. However, M. barbatus expressed five
isoenzymes and S. solea expressed four isoenzymes but of
variant intensities and flow rate (Fig. 4).OPL INL IPL GL NFL/IPL % ONL/INL
4.6 ± 0.7 33.8 ± 2.8 33.1 ± 4.4 4.4 ± 0.8 13 1.2
7.6 ± 1.6 36.8 ± 2.3 6.5 ± 1.7 12.3 ± 0.8 189 0.8
10 ± 0.8 42 ± 1.5 41.3 ± 3.8 14.6 ± 2.1 24 0.7
4.5 ± 2.6 26.1 ± 2.8 40.6 ± 2.8 10.7 ± 0.8 26 1.6
12.7 ± 0.8 32.2 ± 3.5 37.3 ± 5.4 11.2 ± 1.3 30 2
s hippocampus. *Means non-significant at P < 0.05. **Means significant.
eptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INl,
erve fiber layer.
Fig. 2 e Photomicrographs of transverse histological sections of retina of marine teleost fishes Hippocampus hippocampus
(HH), Sardina pilchardus (SP), Gobius niger (GN), Mullus barbatus (MB) and Solea solea (SS). Note variation of retinal layers
between species. The photoreceptors of HH, MB & SS are mainly single and double rods, meanwhile SP is cones and GN of
mixed rods and cones. HX-E.
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Vision required functional integrity of retinal neural circuits of
different cell types. The outer and the inner plexiform layers
form synaptic relationships between photoreceptors and
other bipolar and horizontal cells [29]. Teleost species may
have different visual demands that arise from differences in
the light environment and levels of inter- and intra-specific
competition. Teleost fish eyes accommodate with the
aquatic environment by a set of novel adaptations in the
growth and development of the eye [30].
Our findings revealed varying retinal thickness in the
studied teleost species. Comparing with the other studiedFig. 3 e SDS-PAGE of protein electrophoresis of retina and
lens of marine teleost fishes Hippocampus hippocampus
(HH), Sardina pilchardus (SP), Gobius niger (GN), Mullus
barbatus (MB) and Solea solea (SS). Note variants expression
of protein expression between species at 31, 97 and
140 kD.fishes, S. solea showed marked retinal thickness and their
peculiar diameter of PE and ONL. The PE appeared enclosed
with dense dark-brown melanosomes, being more intense in
S. solea more than other fishes. On the other hand, H. hippo-
campus showed the least thickened ones. H. hippocampus and
S. solea showed the least thickness of inner plexiform and
inner nuclear layer. The mentioned species as well as M.
barbatus showed photoreceptor layer composed mainly of
single, double and triple rods. The average ratio of ONL/INL
increased in H. hippocampus,M. barbatus and S. solea suggested
nocturnal habits which reflected the structural pattern of
photoreceptors. At the same time their visual acuity calcu-
lated by GL/INL revealed apparently decreased as a result of
their dim vision.
Unlike S. solea and M. barbatus which are teleost fishes fa-
voring the living at more deeping levels of sea water, H. hip-
pocampus is detected in either coastal lagoons with strong
oceanic influences [31], or found on soft bottoms amongst
rocks and algae [32]. Besides, many authors reported that
Hippocampus species feed actively at night (nocturnal) [33].
Furthermore, S. pilchard exhibited the presence of single
and double cone photoreceptors comparing with mixing
structure of both rods and cones inG. niger. According toMunz
and McFarland [34] S. pilchardus and G. niger showed the least
average of ONL/INL as well as apparently higher visual acuity
in S. pilchardus.
The retinal pigment epithelium (RPE) and photoreceptors
of fishes were found to exhibit retinomotor movements in
response to diurnal changes in lighting conditions. In dark-
ness, the pigment granules of the RPE migrate to the scleral
base and cone photoreceptors elongate. In the light these
movements are reversed; pigment granules disperse into the
long apical projections of the RPE cell and cones contract
[35].
Fig. 4 e Acid phosphatase, glucose 6-phosphate
dehydrogenase and malate dehydrogenase of marine
teleost fishes Hippocampus hippocampus (HH), Sardina
pilchardus (SP), Gobius niger (GN), Mullus barbatus (MB) and
Solea solea (SS). Note variant expression of band densities.
Concerning acid phosphatase, Gobius niger shows faint
expression of isoenzyme I &II. Isoenzyme III shows
variant mobility between species in retina and lens (*).
Extra expression of bands appear in retina of GN and MB as
well as in lens of GN, MB and SS. Glucose-6-phosphatase
and Malate dehydrogenase show extra expression of
bands in retina of Gobius niger and Mullus barbatus as well
as in lens of Gobius niger and Mullus barbatus and Solea
solea.
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presence of their densely grouping melanosomes widespread
in between lysosomes. Abundance distribution of melano-
somes facilitated digestion the apical tips of outer segment
photoreceptors. Increased retinal pigmented epithelium was
also reported in some deep fishes [36] and Moray eels [21].
Hyperpigmentation was also served to absorb stray light,
minimizing light scattering and scavenging free radicals and
toxins [37]. Melanosomes are also known to be lysosome-
related organelles [38]. In fish and amphibians, the melano-
somes of the PE exhibited a redistribution from the cell body
into the apical processes upon the onset of light, which is
reversed in the dark. Melanosomes in the PE of mammals are
generally thought not to move with the light cycle [39]. Me-
lanosomes was found to contain high incorporation of acid
phosphatase [40].
The unique relationship between the photoreceptors and
the PE extends to the POS membranes which contains thepolyunsaturated lipids that are degraded by RPE phospholi-
pases [41] and acid lipases [42] releasing fatty acids that are
recycled to photoreceptors for use in POS renewal [43]. Kunz
and Ennis [44] also mentioned that the RPE showed active
shedding of the tips of the light-sensitive photoreceptor outer
segments and subsequent phagocytosis beside its reti-
nomotor movements of pigment-epithelium in co-ordination
with rods and cones.
Investigating 15 species of cardinal fish (Apogonidae),
including both nocturnal and diurnal forms, revealed that the
nocturnal forms possessed larger eye and retina compared
with the other diurnal forms. The diurnal fishes have cones
which form a mosaic structure of four double with central
single one. The curvature of the retina reflects flattening of the
images and neural mechanisms can correct for image distor-
tions without loss of information [45].
Also, our findings revealed that there is a marked increase
of thickness and density of the outer nuclear cells in S. solea
comparing with the other selected teleost fishes. These may
reflect the abundant increase of photoreceptors which re-
flected bioactivation of the vision and consequently accumu-
lated of lipid materials from the photoreceptors as a result of
renewal their tips in the pigmented epitheliumwhich become
dense dark-brown.
Decreased GCL-IPL thickness (<fifth percentile) can
discriminate between children with and without vision loss
from their OPG. Ganglion cell layereinner plexiform layer
thickness could be used as a surrogate marker of vision in
children with OPGs [22].
Furthermore our findings revealed that the studied fishes
showed marked variations of SDS-PAGE protein analysis in
their lenses and retinae. This diversity reflects structural
variations in the arrangement of lens fibers which categorized
the studied teleost fishes in three categories according to their
lens fibers distribution. Also, the fishes possessed structural
variations of retinal structures and supported these findings.
In addition, the observed increased intensities of acid phos-
phatase isoenzymes in S. solea, S. pilchardus and H. hippocam-
pus is correlatedwith increased intensities of melanosomes in
these investigated fishes comparing with less activities and
decreased melanosomes in G. niger and M. barbatus. Similar
findings of detecting highest acid phosphatase activity among
eye tissues were reported by Kigasawa et al. [46]. Couet and
Blest [47] reported acid phosphatase levels in retinae of crabs
allowed to experience lights-off at the normal time and in
those of crabs held in continuous light over the same period
follow identical courses. Melanosomes were found to show a
positive in acid phosphatase reaction, indicating that mela-
nosomes are commonly incorporated into the lysosomal
system of the RPE. The observation of acid phosphatase ac-
tivity within melanosomes indicates that they may continue
to be synthesized at a low rate in retina of adult eyes [48]. The
detecting lysosomes within PE which may contain an
impressive array of nearly 40 hydrolytic enzymes that have
been identified by a variety of biochemical and histochemical
techniques [49].
Concerning glucose-6-phosphate dehydrogenase, the
teleost fishes showed varying intensities of their isoenzymes.
H. hippocampus and S. pilchardus showed similar rate of flow
and expressed three isoenzymes varying from the other
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reflect the high energy demand for vision which required high
G6PD isoenzymes activities.
Malate dehydrogenase isoenzymes showed marked varia-
tions of the rate of flow and the percentages of band intensities
of the isoenzymes between the studied teleost fishes. H. hip-
pocampus expressed variant expression of the isoenzymes
pattern from the other teleost fishes. Malate dehydrogenase
(MDH), is an aerobic krebs cycle enzyme involved in the
malate-aspartate mechanism. The enzyme distributed in
retinal layers especially in the photoreceptor inner segments,
containing a high density of mitochondria, and in the outer
plexiform layer (OPL), containing photoreceptor terminals and
bipolar and horizontal cell processes. It is involved in retinal
energy metabolism and support neurosynaptic-transmission
[50]. The enzyme is involved in gluconeogenesis, the synthe-
sis of glucose from smaller molecules. In the cytosol, the ma-
late is oxidized to oxaloacetate by cytosolic malate
dehydrogenase and then to phosphoenolpyruvate [51]. Also,
glucose-6-phosphate dehydrogenase is present in mitochon-
drial matrix and their outer membrane. It may be used in
glycolysis to produce energy in the form of adenosine
triphosphate and reduced nicotinamide adenine dinucleotide
(NADH) or by the pentose phosphate pathway. Glucose
oxidation and synthesis of mitochondrial ATP is of its main
target [52e54]. At the same time the presence of malate de-
hydrogenase with it activity in catalyzing the NAD/NADH-
dependent inter-conversion in the mitochondrial membrane,
and mitochondrial matrix [51] (Minarik et al., 2002) gives ideal
combination with glucose-6 phosphate dehydrogenase in
biological activities of the photoreceptors. Glucose-6-phos-
phate andmalate dehydrogenase are importantmitochondrial
enzymes promoting the metabolic pathway of photoreceptors
to accomodate vision in their aquatic environment especially
at deep sea levels.
Finally the authors concluded that the retina and lens of
the studied teleost fishes showed apparent varying structure
reflecting the isoenzyme characteristic for preserving func-
tional characteristic of vision according to the marine habitat
depth.Funding
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